An adequate and appropriate response to physiological and pathophysiological stresses is critical for long-term homeostasis and viability of the aging organism. Previous work has pointed to the immune system, telomeres and DNA repair pathways as important and distinct determinants of a normal healthy lifespan. In this study, we explored the genetic interactions of telomeres and DNAPKcs, a protein involved in non-homologous end-joining (NHEJ) and immune responses, in the context of a key aspect of aging and lifespan -the capacity to mount an acute and appropriate immune-mediated stress response. We observed that the combination of DNA-PKcs deficiency and telomere dysfunction resulted in a shortened lifespan that was reduced further following viral infection or experimental activation of the innate immune response. Analysis of the innate immune response in the DNA-PKcs-deficient mice with short dysfunctional telomeres revealed high basal serum levels of tumor necrosis factor a (TNFa) and hyper-active cytokine responses upon challenge with polyinosinic-polycytidylic acid (poly-IC). We further show that serum cytokine levels become elevated in telomere dysfunctional mice as a function of age. These results raise speculation that these genetic factors may contribute to misdirected immune responses of the aged under conditions of acute and chronic stress.
Introduction
A major factor of healthy aging relates to the capacity to respond robustly, yet appropriately, to intrinsic and extrinsic stresses such as wounding, infection, among others. The age-dependent decline in the capacity to cope with acute and chronic stresses has led to the generally held assumption that diminished fitness stems from an insufficient physiological response to counter and cope with such challenges. However, another not mutually exclusive possibility may be that decreased robustness results from a misdirected or hyper-active stress response that functions to compromise further the health of the challenged aged organism.
Considerable focus has been directed towards immune system function (Wollscheid-Lengeling et al., 2004) , DNA repair capacity (Hasty et al., 2003) and telomere status as possible major determinants of a healthy lifespan and in the maintenance of overall fitness and stress responses over a lifetime. To this end, DNA repair proteins are critical for the establishment and maintenance of a normal immune system (Lieber et al., 2003) and in the preservation of telomere function (Maser and DePinho, 2004) , although how these elements intersect to influence processes of aging and the stress response is not well understood. Furthermore, it is well established that diminished telomere reserve is associated with signs of accelerated aging, decreased stress response, depletion of tissue stem cells and shortened lifespan in the mouse (Rudolph et al., 1999; Wong et al., 2003) , but the precise basis for these progressive degenerative conditions continues to be an area of active investigation.
Telomeres, comprising a repetitive DNA element and a host of DNA-binding proteins, enable chromosome end replication and sequestration from the DNA double-strand break (DSB) repair machinery. Paradoxically, several components of DSB DNA repair physically reside at the telomere and are required for the preservation of telomere function (Maser and DePinho, 2004 ), yet the same proteins stand poised to respond to telomere dysfunction by producing chromosomal end-to-end fusions (Smogorzewska et al., 2002) . The NHEJ DNA repair pathway, comprising the DNA-PK complex (DNA-PKcs, ARTEMIS, Ku70-Ku86, Ligase IV-XRCC4) and other proteins, ligates DNA in response to physiological (V(D)J recombination) and pathophysiological (telomere dysfunction, ionizing radiation breaks, etc.) DNA DSBs, and also plays a crucial role in normal telomere maintenance (Lieber et al., 2003; Maser and DePinho, 2004) . Reflecting their complex roles in health, deficiencies in DNA repair and other genetic elements that participate in telomere maintenance are also associated with accelerated aging and a diminished capacity to handle stress (Hasty et al., 2003) .
Mice deficient for NHEJ proteins exhibit either embryonic lethality (LigIV and XRCC4) or are viable with severe combined immunodeficiency (SCID) (Ku70, Ku86, DNA-PKcs and Artemis), lacking adaptive immunity (mature T and B cells) as a result of the failure to rejoin recombination-activating protein (RAG)1/2-initiated DNA DSBs at immune receptor loci. Additionally, evidence has suggested possible role for DNA-PKcs in innate immunity, perhaps serving to modulate the response to immunostimulatory DNA and viral infection and engagement of downstream targets that activate cytokine cascades (Chu et al., 2000; Karpova et al., 2002) . In the context of this report, it is also worth noting that an emerging literature has pointed to a decline in DNA-PKcs activity in aging tissues and in senescent cultured cells (Salminen et al., 1997; Um et al., 2003) .
Results
Here, to study the complex physiological interactions of telomeres and DNA-PKcs in processes of aging and the stress response on the organismal level, a series of DNAPKcsÀ/À cohorts with varying telomere length and function were generated through successive generational intercrosses of DNA-PKcs þ /À mTercÀ/À mice (Blasco et al., 1997; Gao et al., 1998) . DNA-PKcs deficiency in the absence of telomerase activity was found to accelerate telomere attrition, increase genomic instability and promote chromosomal aberrations including end-to-end fusions (Maser et al., submitted) . Survival analyses of these various mutant cohorts revealed a complex relationship between DNA-PKcs and telomere status. In mice with intact telomere function (G0/G1), median survival was similar between DNA-PKcs þ / þ and À/À mice (P ¼ 0.4). As shown previously, late generation mTercÀ/À mice with telomere dysfunction (G4 in this study) have shorter median lifespans relative to those with intact telomeres (G0/G1) independent of DNA-PKcs status (86 vs 51 weeks, P ¼ 0.001). A modest increase in cancer accounts for only about 50% of the early deaths in the G4 DNA-PKcs þ / þ mice, consistent with previous observations (Rudolph et al., 1999) . Notably, when combined with DNA-PKcs deficiency, these G4 mTercÀ/À mice experienced a further dramatic reduction in median lifespan from 51 to 30 weeks (P ¼ 0.001) (Figure 1a ). These survival rates were comparable to those recently described for a similar cross between mTerc and a different strain of DNAPKcs-deficient mice (Espejel et al., 2004) . Detailed comparative histological analyses showed similar tumor incidences, tumor spectrums and rates of organ degeneration amongst the cohorts, thus failing to reveal an obvious cause for the increased lethality in our cross. However, upon exposure of the various cohorts to a spontaneous, widespread and continuous mouse hepatitis virus (MHV) outbreak, only the G4 mTercÀ/À DNA-PKcsÀ/À mice experienced a decrease in lifespan DNA-PKcs-deficient mice with limiting telomeres K-K Wong et al from a median of 30 to 13 weeks (P ¼ 0.0001) ( Figure 1b ). The median survival of G4 mTercÀ/À DNA-PKcs þ / þ mice or G0/G1 mice with or without DNA-PKcs was unaffected despite chronic active MHV throughout the colony as documented by histology, serology and immunostaining of livers with an anti-MHV antibody (Figure 1b ; data not shown). Consistent with decreased survival, the G4 mTercÀ/À DNAPKcsÀ/À mice showed severe hepatitis with extensive hepatic necrosis and apoptosis and very few of the remaining hepatocytes in these necrotic livers stained positive for the proliferation Ki-67 marker as compared to the G4 mTercÀ/À DNA-PKcs þ / þ controls ( Figure 2 ), suggesting that the proliferation capacity of the liver cell progenitors might have been impaired owing to the increased turnover of the hepatocytes caused by the chronic hepatitis. The dramatic impact of MHV infection and the possible connections between DNA-PKcs and innate immunity (Chu et al., 2000) prompted us to consider that the effector arms of the innate immune response, natural killer (NK cells) and macrophages might be particularly affected in G4 mTercÀ/À DNA-PKcsÀ/À mice. Along the same lines, we reasoned that this defect might contribute to the early lethality of the MHVinfected G4 mTercÀ/À DNA-PKcsÀ/À mice as well as the aged non-infected G4 mTercÀ/À DNA-PKcsÀ/À, the latter subject to less well-defined intrinsic or ambient stresses. In order to address this possibility directly and to mimic the effects of the double-stranded RNA intermediates generated during the replication process of the MHV, the various cohorts were administered polyinosinic-polycytidylic acid (poly-IC), a Toll-like receptor agonist (Alexopoulou et al., 2001) , to stimulate the innate immune system. Strikingly, three of the four poly-IC-treated G4 DNA-PKcsÀ/À mice died within 24 h following injection, whereas all the remaining groups survived the challenge (P ¼ 0.03) (Figure 3a) . Detailed physical examination of the mice before to injection and histological examination of mice after death/killing sacrifice from the cohorts maintained in a pathogen-free facility did not reveal any evidence of overt infection. However, the poly-IC-treated G4 mTercÀ/À DNA-PKcsÀ/À mice showed dramatic neutrophil margination in the lung and liver as compared to the poly-IC-treated control cohorts (Figure 3b ). Furthermore, there was clear histological evidence of circulatory collapse in the lungs of the G4 mTercÀ/À DNA-PKcsÀ/À mice that succumbed to the poly-IC injection (Figure 3b) .
In response to physiological stress, innate immunity plays a central role in governing serum cytokine levels that facilitate responses to viral and other responses. The dramatic phenotypes observed in MHV-infected or poly-IC-injected G4 DNA-PKcsÀ/À mice prompted measurement of the serum levels of various cytokines that might be regulated by the poly-IC challenge. At baseline, there was no difference in the serum levels of interferon (IFN)g and interleukin (IL)-10 (Figure 3c) , as well as IL-2 and IL-4 (data not shown), among the various cohorts. The serum tumor necrosis factor (TNF)a levels, while comparable among the G0/G1 mTerc DNA-PKcs þ / þ and DNA-PKcsÀ/À mice and the G4 mTercÀ/À DNAPKcs þ / þ mice, were markedly elevated (threefold) in the G4 mTercÀ/À DNA-PKcsÀ/À mice (Figure 3c ). Furthermore, in the lone surviving G4 mTercÀ/À DNA-PKcsÀ/À mouse, serum TNFa levels remained elevated (twofold) at 3 days after poly-IC injection (Figure 3c) . Together with the above histopathological presentation, these markedly elevated cytokine responses provide a likely basis for histopathological phenotype and acute demise of the G4 mTercÀ/À DNA-PKcsÀ/À mice.
Given the limited numbers of mice in the above study, we further assessed the kinetics of the aberrant cytokine response in the G4 mTercÀ/À DNA-PKcsÀ/À mouse, we repeated the poly-IC treatment of each cohort and analysed the mice at 8 h, before to the acute lethality noted above. Corroborating the substantial demise of the G4 mTercÀ/À DNA-PKcsÀ/À cohort, TNF a levels were only detectable in the G4 mTercÀ/À DNA-PKcsÀ/À mice ( Figure 4a) ; interestingly, although IL-6 was detected in all cohorts receiving poly-IC at 8 h, the level of IL-6 in G4 mTercÀ/À DNA-PKcsÀ/À was over 10-fold greater than that of the other genotypes (Figure 4b ). Together with the previous experiment, this evidence establishes that combined DNA-PKcs deficiency and telomere dysfunction leads to a deregulated cytokine response.
Recent studies have established a greater degree of telomere erosion and dysfunction in compound mTerc DNA-PKcs mutant mice (Espejel et al., 2004) (Maser et al., submitted) , prompting us to determine whether increasing telomere erosion as a function of advancing age might lead to progressive deregulation of cytokine expression. Serum cytokine levels were examined in a large cohort of aging mTerc heterozygous and G5/6 mTercÀ/À mice. A significant proportion of the aging G5/6 mTercÀ/À mice with documented telomere dysfunction exhibited increased levels of TNFa, IL-6 and IL-1b, compared with a modest trend in aging mTerc þ /À mice with intact telomeres (Figure 5a-c) . It is important to note that animals enlisted in this study were chosen on the basis of chronological age rather than physiological decline, and none of the mice included in the analysis exhibited dermatitis, wounding or any signs of clinical infection. Together, these findings support the view that dysfunctional telomeres, perhaps coupled with age-dependent changes in innate immunity (Salminen et al., 1997; Um et al., 2003) , leads to deregulated cytokine levels and a proinflammatory environment.
To begin to understand the molecular basis of aberrant cytokine regulation in G4 mTercÀ/À DNA-PKcsÀ/À mice, we examined in vivo alterations in nuclear factor-kB (NF-kB) subcellular localization, a key mediator of cytokine signaling, in the poly-ICinjected mice. NF-kB is activated and translocated to the nucleus in many cell types in response to broad range of stimuli and conditions, including inflammatory cytokines such as TNFa to regulate the transcription of many downstream genes involved in immune function and inflammatory responses (Bonizzi and Karin, 2004; Hayden and Ghosh, 2004) . Spleens from all mice in the 8 h poly-IC treatment study were immunostained with anti-NF-kB antisera. Strikingly, only splenocytes from poly-IC-injected G4 mTercÀ/À DNA-PKcsÀ/À mice exhibited NF-kB nuclear localization, compared to the cytoplasmic localization in all remaining mice (Figure 6a ). We also found extensive nuclear NF-kB in kidney derived from the poly-IC-injected G4 mTercÀ/À DNA-PKÀ/À mice, whereas kidney sections from all other cohorts demonstrated cytoplasmic NF-kB (Figure 6b ; data not shown). Thus, in response to poly-IC, DNA-PKcs mice with dysfunctional telomeres have a differential activation of the NF-kB pathway in different cell types providing a potential mechanism for the observed dysregulation of the cytokine network.
Discussion
In summary, this study reveals a complex genetic interaction between DNA-PKcs and telomeres on the organismal level in aging and stress responses, an interaction which impacts profoundly on the liver's regenerative capacity, reprograms the innate immune system and causes rapid lethality. Dysfunctional telomeres and DNA-PKcs deficiency combined to alter the tightly regulated cytokine cascade, manifesting as an abnormally high basal serum TNFa levels and provoking a systemic inflammatory response, circulatory collapse and death. The high basal serum TNFa levels in the G4 mTercÀ/À DNA-PKcsÀ/À mice with telomere dysfunction and the further acute escalation of TNFa levels when challenged with immune stimuli strongly suggests that a deregulated systemic inflammatory response is a major factor in the early mortality of these mice -a view supported further by the onset of death within 24 h of poly-IC challenge and the classic histological features of neutrophil margination into tissues and pulmonary circulatory collapse. The absence of DNA-PKcs can also result in a modest acceleration in telomere attrition and increased genomic instability in the mTerc-null mice across multiple cell types and compromise organ function (Maser et al., submitted) ; (Espejel et al., 2002) . Thus, it is reasonable to assume that the lethal hepatitis and necrosis observed in the MHV-infected G4 mTercÀ/À DNA-PKcsÀ/À mice likely results from the combined catastrophic impact of impaired hepatocyte proliferative capacity, failure of innate immunity to eradicate MHV and direct hepatotoxicity of elevated TNFa levels. The deregulation of the cytokine cascade in the late generation mTerc DNA-PKcs mutant mice with telomere dysfunction is counterintuitive. DNA-PKcs has been shown to be required for activation of innate immunity by bacterial DNA and related synthetic immunostimulatory oligodeoxyribonucleotides (Chu et al., 2000) . Furthermore, one of the in vivo targets of DNA-PKcs is interferon regulatory factor-3 (IRF3), an important innate immunity mediator in sensing cellular viral infection and triggering the production of type I interferons (Karpova et al., 2002) . Our results indicate the existence of a DNA-PKcs-independent pathway leading to the activation of innate immune responses as evidenced by the marked rise in TNFa levels. Intriguingly, this aberrant activation of innate immunity in the absence of DNA-PKcs only occurs in the setting of limiting telomeres and associated dysfunction. This unanticipated link between the telomere and cytokine regulation prompts speculation that similar reprogramming of the stress response could be operative in the elderly, providing a possible explanation for the wellknown paradox of hyper-active inflammatory responses in aged individuals under acute stress. Serum TNFa levels are known to increase as a function of advancing age in humans and human longevity appears to correlate directly with optimal functioning of the immune system; furthermore, recent data indicates that TNFa gene transcription in the brain increases as a function of age (Lu et al., 2004) . Indeed, TNFa (and other serum cytokine) levels correlate directly with age in the wild-type mouse (as seen by others; (Daynes et al., 1993; Ershler et al., 1993) and with telomere dysfunction in the telomerase mutant mouse ( Figure 5 ). In addition to diminished telomere reserves, DNA-PKcs function and DNA damage repair process also seem to decline with age either directly (Salminen et al., 1997; Um et al., 2003) or as a consequence of telomere dysfunction (Salminen et al., 1997; Um et al., 2003; Wong et al., 2000) . Telomere shortening, ineffective DNA damage repair, deregulated cytokine cascade and ineffective immune system are all hallmarks of cellular and organismal aging. The concerted effects of all these factors would be expected to contribute to the demise of the mice in this study and provide a novel entry point for further dissection of the unknown intra-and intercellular signaling pathways governing cellular senescence, aging and stress-induced death.
Materials and methods
Mice and breeding mTerc- (Blasco et al., 1997) and DNA-PKcs- (Gao et al., 1998) deficient mice were interbred according to a scheme described previously (Wong et al., 2003) . Littermates are used as controls in all the experiments. The MHV-infected cohort was maintained at Dana-Farber Cancer Institute; the presence of MHV was indicated in sentinel animals and further confirmed in our cohort using immunostaining with an anti-MHV antisera. During the time of the MHV infections, our laboratory also had many other commercial SCID mice as well as Ku auto-antigen protein (Ku)-deficient mice housed in the facility and they did not die from the MHV infection. All the experiments were performed with adult mice and were aged matched with the control mice.
A similar cohort was re-derived using embryo transfer at Taconic Farms and maintained there and at DFCI in specific pathogen free conditions. Kaplan-Meier survival curve analysis was performed using the Prizm statistical software package (GraphPad, San Diego, CA, USA). All animal experiments were carried out according to protocols approved by the DFCI Animal Care and Use Committee.
Histopathology
Animals were monitored every other day for signs of ill heath and killed for pathological analysis when moribund. Tissues from experimental animals were fixed in 10% neutral-buffered formalin and embedded in paraffin. Sections from each were stained with hematoxylin and eosin according to standard procedures. Immunostaining for MHV, Ki-67 and NF-kB p65 (Neomarkers, Fremont, CA, USA) was performed after antigen retrieval procedures, and TdT-mediated dNTP nick end labeling (TUNEL) staining was performed with a kit according to the manufacturer's instructions (Chemicon, Temicula, CA, USA).
Serum analysis
Blood was drawn from the indicated animals, allowed to clot on ice and serum purified. The levels of individual serum cytokines was determined using the Luminex xMAP technology platform (Austin, TX, USA) with kits from Upstate Biotechnology (Charlottesville, VA, USA) and R&D Systems (Minneapolis, MN, USA). Statistical analysis was performed using the Student's t-test using the Stata3 software package.
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